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Resultsare presentedof efflcienoyteats
impulseturbinehavingan 11.O-lnohpitoh-lhe

on a single-stage “
diameterwheeland

a fabrioatednozzlediaphragmusingair at moderatetemperaturea
as the drivingfluid. EPflcienoymrves are ehuunfor turbine
pressureratiosfrom 1.2 to 5.2. The mlmum efficiencyoocurred
at a blade-to-Jetspeedratioof approxlmtelyO.4 and was about
0.61.5for turbinepressureratiosfrom 3.0 to 4.6. Additional
“curvesof ths air-flowdataare presented.

INTRODUCTION

Researohis plannedby the Clevehandlaboratoryof the NMA
to determinethe efflcienoyof turbines,turbosuperohargers,and
#et-pzwpulslonunits. One of the firstrequirementsof the turblne-
researohprogramis to developa tentatIve-standardmethodof test-
ing theseturbines@ an acourateand oonvenlentIUSanSof pre-
sentingthe data. Beforea tentativestandardm?hhodoan be
recammnded, It i❑ neoesearyto oollectdata undera tide variety
of operatingmnditlons and with varioustypesof test lnstal-
I.ation.

Superheatedsteam,high-temperatureoomhuetlonproduotsof an
exhaust-gasproduoer,and engine-exhaustgaseshave~een usedas
the drivingfluid In tasteof exhaust-gasturbines. The use of “
StefMU and Oombusthn products, howevg~, l’fiyWl@3.in high Om~tiW

.-,... I%mpefitures~ti ac&panylng thermalstressesand expmslons In
equlputent. As a result,the gas ductlngmust be deolgnedfor these
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factorsand corrosion-resistantmaterialsmust be specified.The
use of hot gas requiresbpeoialequipmentfor obtainingthe tempera-
ture of the drivingfluidand increasestjhedifficultyof handling
it, particularlywhen flow surveysand observations~ desired.

Whep air ineteadof hot gasesis usedas the drivingfluid,
a wid’errangeof turbineblade-to-Jetspeedratiosmy be investi-
@ted at high turbinepressureratioswithoutexceedingthe maximum
wheel speed. The use of coolair as a drivi~ medium,however,~
resultin differentvaluesof turbineefficiencythan the values
obtainedwith hot exhaustgas becauseof the differencein the
physicalproperti&sof the gases,in the effectof temperature~
the structure,and in the heat losses. In addition,complications
may be introducedby the mndensationof watervapofi”andformation
of ice duringthe expansion.

“.

An Investigationof tudblneefficiencieswas ccinductedat the
NACA laborato~ in Cleveland,Ohio,usingair at room temperature
as the drivingfluidas pext of a programto determinewhetherthe
turbineperfmxwu&e characteristicsobtainedin such testsaccurately
reproducethe resultsof testsusingproductsof combustionat
e~ine-exlyiusttemperatms.

APPARAZ’USAND MJHCEOD

The equipmenttestedwas a single-stageitiuiseturbinehaving
an 11.()-inchpitch-ltnediam6terwheelwith intiez%edbucketsand “
a fabricatednozzlediaphragm.Bucket-to-nozzleclearancewas
setat 0.11 to 0.12 inch. The turbine.was drivenby atmospheric
air.drawnthroughit by the laboratory.altitude-exhaustBystem. A
hi@-sy6d hydraulicdynamometer’was coupledto the turbine.ehaft
to absorbthe pawerdelivered. The arrangementof the apparatusfd
shownIn figures1 and 2.

Leakage& air from the atmospherethroughthe turbineInto “
the low-pressureexhaustwas preventedby a housingarotidthe
turbine-bearingassemblyand plugsweldedintothe annular5paces
betweenthe nozzlebox and the nozzle-boxbaffle. Leakageof air
intothe housingwas prevgntedby equalizingthe pressureacrossa
labyrinthseal@and installedaroundthe turbineshaftbetweentho
housingand a chamberevacuatedby a controllablejetpump.

The turbtnedischargedintoa plenumchamber,the staticp~es-
sureof whichwas takenas the bucketdischargepressure pd. ThD

bucketdischargepressurewas variedby regulatingthe altitude
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exhaustpre Bsure. The Statio-pressurstap
ohargepressurewaa looatedabout1 2 Inoh

(.0001lngoap,as ebownin figure2(a . The

3

for meamu?ingthe dla-
behindthe external
end @ the pressure-tap

tubewas pluggedand a holewas drilledabout1/4 Inohfrom the
end of the tube on the downstreamside. The ooollngoapswere
installedto reproduoethe mndltlonsfor tuz%lnetestswI* hot
gasesbut were not neededfor ooolingIn the air teats. ‘

~ter torque meaaurenmntsweremsde with a oalibmrkd
beam aoale. The turbinespeedwas measuredwith a balanoed-
bridgeoondeneer+qe ta@omet~r drivenfrcnuthe s~ turbine
take-off. The detallaof the tukblne.inletplpo are shownin
figure 2(b). An orfiioeplatewas usedto measurethe air fluw.
The air temperature,assuredto be the totaltemperatureat the
nozzle-boxinlet, wae measuredwitha quadruple-shieldedohronwl-
alumelthermocoupleand a self-balanoingpotentiometer.The Statlo
pressureat the nozzle-boxinletwas measured from a ulfold con-
nected to four pressuretaps in the same orosseeotlonof the Inlet
pipe.

Turbine-shsftfofiuewas measuredto the nearest0.1 foot-
pound. The turbine-speedmeasurementswere aomrate to +20 rpm.
The probableerrorof the air-flowmeasurementswas +1 peroent.
The nozzle-box-temperaturemeasurementswere acourateto within
3° F. All pressuresworemeasuredwithmercu~ manometersto the
nearet3tmillimeterof meroury. The looationeof the variouspres-
suretapsare shownin figure2.

EffIclencytestswere made overthe follting range of condl -
tlons: The ratioof the nozzle-boxinletpressureto the dlmharge
prossurowas variedfrom approximately1.2 to approximately5.2;
at eaohpressureratio,the turbinespeedwas variedfrcunapprox-
imately2000 to app’oxizmtely21,000rpm to giveblade-to-jetspeed
mtios of 0.1 to 0.7.

“The

(a
(b1
(0)
(d)
(e)
(f)

followingmeasurementswere taken:

Turblnotorque
Turbinespeed
Mss flow of air
Nozzle-boxtotaltemperature
Nozzle-boxinletstatiopressure
8tatlopressurein the plenumohaniber
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discharge area of the theortitiatl convergentnozzle,(sqft)

effectivenozzlearea.,(sqft)

acceleration-dueto gravity 32.2 (ft)/(sec)2or dimensional
constant,32.2 (lb)/(plug)

mass flow of air, (f31ugs)/(see)

turbinespeed,(rp)

staticpressureGi’ turbinedischarge.atplenumchamber,
(In.Hg absolute)

. .

tothlpressureat”nozzle-bc)xInlet,(In.Hg absoluts)

turbineshaftpower,(ft-lb)/(see)

gas constapt,53.35 (ft-lb)/(lb)(%’)

totaltemperatureat nozzle-boxInlet,(% absoluto)

bladepitch-linevelocity,(fps)

thenreticnljet speed,(fps)

availableenergy,(ft-lb)/(it)

ratlcof specificheat at constantpressureto spcciflcheat
at constantvolum, 1.40

turbinoefficiency

densitybased on nozzle-boxinlettotalpressureand temperaturo7
(slug)/(cuft)

dischargedensityat the therretlcalconvergentnozzle,
(sI.ug)/(cui%)

The energy
totalpressare

METHODOF CALWUTION

availablefor turbinework was calculatedfrom the
Pi and temperature‘i at the nozzle-boxInlet
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pnd the statiopressureIn the dis+e PiW Pd. Velooltyhead

“”At W &zZle-bdx ifiet‘wasoaloulated.f&& thtiInletaktlo prea-
sure,the inlettotaltemperature,the nasa-flowmeasurements,and
the oomprqsalble-flow equations.The velooityheadwaq addedto

“ ,thenqaWn’edstatidpressureto give the nozzld-boxInlettotil..
prpeaure: The turbinephes’sirp“ratiowas then definedas the ratio
Dfjpi●“ The &allable ener~ la givenby”the expreiBion .

. -..”.

“ w~-”+&pdxl~‘1) “
The turbineeffioienoy ~ is the ~tio of the measuredturbine .

poweroutput*O the oalou”kted.rate of ~vallableenergyinput:. . .,.
q = pt/(@’f&h) (2)

In the oomputatlonof t~bine blade-to-Jetspeedratio,the theo-
reticaljet speed v Is the velooltyequivalentof the available

“energy. The blade speedwas takenas the turbinepitoh-line
veloolty u. The blade-to-~etspeedratiomy be expressedas

u“-=
v

u
i————

(3)
r 1

Curvesof the,air flow throu@ the turbineare alsoneceas~
for the computationof the turbtiepower. The principlevariables
involvedin the mass flow ~ revealedby-a considerationof the
oontlnuityequationof the isentropioflow througha oonvergsnt
nozzle
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An additionalvariableIEIintroducedby the Interferenceof
the tu~binewheel with the flow. A reasonable assumptionis that
this interferenceis a functionof theblade-to-Jetspeedrat10.
Considerationof equation(3) showsthatthe onlynew variableintro-
ducedty the bl.ade-to-:etspeedratiois the turbinespeed N. The
blade-to-jetepeedratiofor a

to the factor N~519fii. The

plot of the factor ~&n”

givenpressure

mass-flowdata

~~nst p~/Pd

ratio Is proportional

will be presentedby a

-.—

An effectivearea can be definedas the area of a convergent
nozzle,whichgivesthe measuredMss flow for the measuredv=iues
of ~t, Tl, and pd. Above the criticalpressureratiothe mass flow
tbr.u@ a conver~eiltnozzleis Independentof the pressureratio.
The cfi’ectivenozzleama can be definedfor pressureratiosabove
crit~caiby the followlngZ’01.atiOn:

1

KFSTJLTSAND DISCUSSION

Ficure3 showsthe vrriationof turbine

(5)

efficiencywith blede-
to-,jet=Peedratioover a rangeof turbinepressureratios p~/pd

from l.23to 5.22. The cties of figure3 are parabolic. The
nuxximumefficiencyoccurredat blade-to-Jetspeedratiosof approx-
imately0.4 for all turbinepressurerutios. Slightvariations
frcnuthe requiredturbinepressureratioat eachblade-to-Jetspeed
ratfowere correctedby cros~-plottlngthe dataagainstturbine
preacnu?eratiofor cons’at blede-to-jetspeedratio. The correc-
tionWUB i’oundto be negligiblein most caseaand was usedfor only
the highestturbinepressureratioof 5.22.

W maximumefficiencyIs cross-plottedagainstturbinepres-
sureratioin figure4. The cuve risesgraduallybetween pressure
ratiosfrom 1.0 to 3.0, is flat from 3.0 to 4.6,and fallsoff
sl.l~htlybeyond4.6. The maximumefftclencyof 0.fJ15is reached
betweenpressureratiosof 5.G and 4.6. The familiarpin-wheel
diagramof turbinepressureratioplottedagainstblade-to-jet
eyeedratiofor variouse.fflclenclesis shownin figure5.
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A plot of the air-flowfaotor
%
~iml agamt the XILtio

E~5~ f~ VZWiOU8 turbine ~SSUK). 21ELti08 p~/p~ iEl ShOWxl b

fl&ure 6. The wheel-speedeffeot”is apparentat luu pressurenatios .
but disappearsat preumureratiosabove2.3. A oroes plot of. fig-
ure61sshuun in figure7. The air-flowfaotor18 plottedagainst

the pmessuremtio for variousvaluesof lW~519/T,. The air-flov

faotorbeocmmsoonstantat a valueof 3.04for pre&ure ntios
between2.3 and 5.2.

The effeotivweu’eaAe oaloulatedfrom equation(5)and the
data shownin figure6 givesa va~ueof 9.02 square inohesfor “
pressure=tios greaterthan 2.3. Thisarea is 82.8 peroent&
the measurednozzledisohargearea.

U@ublished resultscd?lUMA testsusingoompessed air as the
dri~ fluidham @hewnthat ioingof the buoketew ooour at
turbinepressurezutiosof 1.6. No unusualoperatingoharaoteris-
tics Indicatingprogressiveioingof the turbinebuoketswere
observedduringthe testsreportedherein. Subsequentunpublished
NACA testresultshave sham thatnozzle-boxinletpipesmay influ-
enoethe turbineeffioienoyto a considerabledegree.

SUMMARY OF RESULTS

Testsof a single-stageImpulseturbinehaving
pitoh-linediameterwheelwith insertedbucketsand
nozzlediaphragmusingair at moderate temperatures
fluidshowedthat:

an 11.O-inoh
a fabricated
as the driving

1. Maximumeffiaienoyocourredat a blade-to-jetspeedratio
of approximately0.4 for pressure ratios from 1.2 to 5.2.

2. ~imum effioienoyuaa approximately0.615for turbine
~SSWO mtios from 3.0 to 4.6.

3. The mtio of the effeotivearea of the turbine(considered
as a convergentnozzle)to the truearea is 0.828for pressu~d
ra<iosabove2.3.

AircraftIhgirmResearohlaborato~,
htiorml Adviaay Conmttteefor Aeronautics,

Cleveland,Ohio ●

b —— .-
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Figure 1. - Turbine testing setup.
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Figure 2. - schematic diagram of test apparatus.
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Figure 2. - Concluded. Schematic diagram of test apparatus.
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